Abstract Background. Alcoholic hepatitis (AH) is largely a histopathologic diagnosis that is based upon the presence of significant inflammation, hepatocellular lipid accumulation, ballooned degeneration of hepatocytes, and Mallory-Denk bodies. Underlying biochemical and molecular abnormalities include increased oxidative and endoplasmic reticulum (ER) stress, mitochondrial dysfunction, insulin resistance, lipid dyshomeostasis, and cell death. Acute AH is often precipitated by binge drinking in the setting of chronic alcohol abuse, and is problematic due to its propensity to progress to chronic alcoholic liver disease with end-points of cirrhosis or liver failure. Improved understanding of AH pathogenesis could aid in the development of new treatments and preventive measures. Study Design. To mimic conditions leading to AH in humans, we generated a chronic-binge model of ethanol exposure in which Long Evans rats were fed with isocaloric liquid diets containing 0% or 37% ethanol (caloric content) for 5 weeks, and during the last 2 weeks, the ethanol diet fed rats were binged with 2 g/kg ethanol 3 times per week. Livers were used for histologic and electron microscopic studies. Results. Ethanol-exposed livers had severe panlobular steatohepatitis with disorganization of the chord-like architecture, foci of necrosis, apoptotic bodies, ballooned degeneration of hepatocytes, giant mitochondria, disrupted ER structure and relationship to mitochondria, and early fibrosis. These findings correspond well with those seen in human AH, except for the absence of Mallory-Denk bodies. Conclusion. The overall findings suggest that chronic-binge models of alcohol feeding produce pathologic lesions that correspond with AH in humans. This approach provides better tools for designing treatment and unraveling mechanisms by which AH progresses to chronic stages of liver disease.
Introduction
Alcoholism is a costly public health problem that continues to grow, especially among women and young people [29] . On a global scale, alcohol abuse is a leading cause of liver-associated morbidity and mortality [23, 25, 29] . Acute alcohol-related liver injury mainly consists of steatosis, which is usually reversible. However, some individuals develop steatohepatitis which is problematic due to the increased risk of developing chronic progressive alcoholic liver disease (ALD) that culminates in cirrhosis and liver failure [26] . The major cause of ALD is heavy drinking over prolonged periods [37] .
Alcoholic steatohepatitis is diagnosed using standard clinical criteria together with histopathologic evidence of severe hepatic steatosis, acute inflammation, necrosis, ballooned degeneration of hepatocytes (keratin depletion), disorganization of the lobular architecture, megamitochondria, and presence of Mallory-Denk bodies [39, 44] . Mallory-Denk bodies are intracytoplasmic hyaline deposits of aggregated, misfolded, ubiquitinated proteins [2] , including intermediate filament proteins [38] . With progression from acute to chronic stages of ALD, liver function deteriorates due to impairments of multiple interrelated pathophysiological processes, which together cause insulin resistance [10, 20, 28] , cytotoxic and lipotoxic injury [7, 8, 12, 24] , inflammation [7, 35] , oxidative and endoplasmic reticulum (ER) stress [14, 18, 22, 27] , metabolic/mitochondrial dysfunction [13, 30] , decreased DNA synthesis [1, 28, 36] , and increased cell death [12] . Progression of chronic ALD is marked by activation of profibrogenic pathways [7] , setting the stage for eventual development of cirrhosis and liver failure [30, 41] . Improved understanding of the pathogenesis and factors leading to progression of alcoholic hepatitis could aid in the development of additional diagnostic and therapeutic tools that reduce morbidity and mortality from ALD.
The present study describes a new chronic-binge model of ALD that was generated in Long Evans rats. The objective was to produce a model that more closely mimics ALD in humans, since chronic ethanol feeding in rodents tends to cause relatively mild degrees of liver injury. The experimental design considered the fact that in humans, alcoholic hepatitis typically develops in chronic heavy drinkers, with binge drinking variably contributing to disease pathogenesis. The Long Evans strain was used because in previous studies, we demonstrated it to be highly susceptible to alcohol-induced liver injury by chronic feeding with Lieber-deCarli ethanol-containing liquid diets (9% v/v) for 5-6 weeks [9, 11, 12, 28, 43] . The increased susceptibility to liver injury was linked to altered hepatic expression of alcohol metabolizing enzymes that could lead to acetaldehyde build-up, and higher basal levels of oxidative stress, mitochondrial dysfunction, p53 activation, and DNA damage in liver [12] . This suggests that endogenous host factors can modulate susceptibility to ALD. To mimic human clinical scenarios associated with alcoholic hepatitis and ALD, we modified our chronic exposure model by binge administering ethanol (2 g/kg, 3×/wk) during the 4th and 5th weeks of the experiment. Herein we report the histopathologic and ultrastructural features of this model which more closely mimics the pathology of human ALD. The study design was based on epidemiological evidence that acute alcoholic hepatitis often develops in the context of chronic heavy plus binge drinking, together with overwhelming experimental data showing that chronic ethanol feeding alone is not sufficient to produce significant ALD in most rodents.
Methods

Experimental model
Long Evans 4-week old male rats were pair-fed for 5 weeks with isocaloric liquid diets containing 0% or 9% (v/v) ethanol. Diet mixes were purchased from BioServ (Frenchtown, NJ, USA). The control and ethanol diets contained 151 kcal/L of protein and 359 kcal/L of fat. In addition, the control diet contained 490 kcal/L of carbohydrate while the ethanol diet had 135 kcal/L of carbohydrate and 355 kcal/L of ethanol (substituted for carbohydrates). Pair feeding was accomplished by balancing the volumes of supplied liquid diet such that equal amounts were consumed by each. After 3 weeks on the liquid diets, ethanol-fed rats were binge administered ethanol (2 g/kg-100 µL) by intraperitoneal (IP) injection on Mondays, Wednesdays, and Fridays for the remaining 2 weeks of the experiment, while controls were injected with saline. At the end of the experiment, blood alcohol levels were measured at 7:00 AM (basal) and 30 min after binging. Rats were monitored daily to ensure adequate nutritional intake and maintenance of body weight. Rats were housed under humane conditions and kept on a 12 hour light/dark cycle with free access to the liquid diets and water. Our institutional guidelines cause us to maintain ambient temperature between 68 • F and 79 • F, and humidity between 30% and 70%. However, throughout the study, the ambient temperature was 70 • F-72 • F, and humidity ranged from 59% to 62%. All experiments were performed in accordance with protocols approved by Institutional Animal Care and Use Committee at the Lifespan-Rhode Island Hospital, and guidelines established by the National Institutes of Health. Preset criteria for euthanasia included loss of 10% body weight, failure to self-groom, ruffled fur, or occurrence of seizures. All animals survived the experiments and none required euthanasia.
Liver tissue processing
Rats were deeply anesthetized with isofluorane and exsanguinated by cardiac puncture. Portions of liver were immersion fixed in 10% neutral buffered formalin. Fixed tissue was divided for paraffin embedding and cryosectioning. Adjacent paraffin-embedded histological sections (5 microns) were stained with Hematoxylin and Eosin (H&E) or Sirius Red (fibrosis). Formalin-fixed cryostat sections (10 µm thick) of liver tissue were stained with Oil Red O to assess hepatic steatosis. For transmission electron microscopy (TEM), liver tissue was immersed in modified Karnovsky's fixative (2.5% glutaraldehyde, 4% paraformaldehyde in 0.15 M sodium cacodylate), post-fixed in osmium tetroxide, and embedded in Spurrs's epoxy resin. Semithin (1 µm thick) sections were stained with methylene blue-azure II to select regions for TEM. Ultrathin (50-60 nm) sections, contrasted with uranyl acetate and lead citrate were examined using a Morgagni 268 transmission electron microscope and photographed with an AMT Advantage 542 CCD camera.
Results
General features of the chronic-binge model
Over the course of the study, body weight gain was similar for the control and ethanol-exposed groups. In the control group, the initial and final mean body weights were 268.6 ± 32.6 g and 388.4 ± 45.6 g, and in the ethanol group, initial and final mean body weights were 259.9 ± 29.8 g and 382.9 ± 33.6 g. Alcohol levels were measured in tail blood using the Analox GM7 apparatus (Analox Instruments USA, Lunenburg, MA, USA) according to the manufacturer's protocol. At the end of the experiment, the mean basal and post-vehicle (mock binge) blood alcohol concentrations in control rats were 13.7 ± 4.2 mg/dL and 19.7 ± 7.9 mg/dL. In the ethanol group, basal and 30 min post binge blood alcohol concentrations were 80.2 ± 8.5 mg/dL and 239.3 ± 30.9 mg/dL (P < .0001 for both sets). However, Mallory's hyaline was not detected.
3.3. Further analysis of chronic-binge ethanol effects on hepatic steatosis In control livers, Oil Red O staining revealed moderate levels of cytoplasmic lipid in hepatocytes that were mainly distributed in Zone 3 (perivenous) (Figure 3(c) ), but virtually absent staining of hepatocytes in Zones 1 (periportal; not shown) and 2 (midzonal) (Figure 3(a) ). In contrast, ethanolexposed livers had striking panlobular Oil Red O staining of hepatocytes, indicating that hepatic steatosis involved all three zones (Figures 3(b) and 3(d) ). High magnification images demonstrated the expected punctate pattern of cytoplasmic Oil Red O staining (Figures 3(e) and 3(f) ).
3.4. Effects of chronic-binge ethanol exposures on hepatic fibrosis Sirius Red stains revealed minimal collagen fibril deposition in control livers (Figures 4(a) and 4(c) ), and conspicuously increased levels and distribution of coarse and fine perihepatocyte and sinusoidal collagen deposits in livers from the chronic-binge ethanol exposure model ( Figures  4(b) and 4(d) ). In addition, ethanol exposure resulted in focal "chicken wire fibrosis" characterized by a partial trabecular or mesh-like pattern of collagen fibrils that surrounded individual hepatocytes (Figure 4(d) ).
3.5. Fine histological features of chronic-binge alcoholinduced steatohepatitis Semithin 1 µM thick sections of control liver revealed relatively uniform hepatocyte cytology with prominent dense oval to round punctate bodies corresponding to mitochondria (Figures 5(a) and 5(c) ). Ethanol-exposed livers exhibited increased microvesicular as well as macrovesicular cytoplasmic lipid droplets and coarse cytoplasmic granularity corresponding to giant mitochondria ( Figures 5(b) and 5(d) ). In addition, irregularly increased intercellular spacing was evident in ethanol-exposed livers. 
Ultrastructural features of chronic-binge ethanolinduced steatohepatitis
TEM studies focused on the effects of alcohol on the structure and spatial distribution of ER and mitochondria. Relatively low magnification images (7, 100×) revealed abundant mitochondria that were uniform in size and shape and had complex matrix/cristae. Although mitochondria were distributed throughout the cytoplasm, they were also conspicuously localized at the periphery of rough ER (RER) cisternae (flattened/narrowed, elongated tubules) that were stacked in parallel arrays (Figures 6(c) and 7(a)). Glycogen granules were diffusely distributed in cytoplasm and lipid droplets were scarce. Chronic-binge ethanol feeding increased nuclear swelling, abundance of lipid droplets and glycogen granules, mitochondrial pleomorphism, and RER dispersal ( Figures  6(b), 6(d), 7(b)-7(d) ). Lipid droplets were distributed throughout the cytoplasm, interrupting the normal subcellular mitochondria-RER organization. Mitochondrial pleomorphism was manifested by increased variability in mitochondrial size and shape with irregular and striking enlargement of the organelles (megamitochondria); however, the cristae and matrix were relatively preserved. In contrast to control samples, mitochondria in ethanol-exposed livers were distributed amongst the RER rather than at the perimeters of stacked cisternae (Figures 6(d), 7(b) , and 7(c)). RER structure was highly irregular due to loss or shortening (also possibly fragmentation) of the normal cisternae, focal swellings (dilated tubules), and irregular spacing of ribosomes. In addition, chronic-binge ethanol exposures produced regionally severe disorganization of the RER with loss of the tubular and saccular architecture, and irregular aggregations of ribosomes (Figure 7(d) ).
Discussion
This work describes a new model of experimental alcoholinduced steatohepatitis that is based on the concept that in humans, acute alcoholic hepatitis occurs in the context of binge drinking superimposed on chronic alcohol abuse. The present model differs from the chronic-binge model reported earlier [5, 6] in that it utilizes rats instead of mice, the period of chronic ethanol exposure that we used was more prolonged (5 weeks instead of 10 days), and alcohol binging was repeated (3× per week for 2 weeks) and injected rather than administered in a single gavage. Our alternative methodological approach produced steatohepatitis that has many features shared in common with human ALD. The advantage of the longer term model is that it provides opportunity to assess efficacy of therapeutic intervention at various time points in relation to chronic and binge alcohol exposures.
Previous work using a Long Evans rat model demonstrated that chronic ethanol feeding produces steatohepatitis with persistent inflammation, hepatocellular apoptosis, and increased cell turnover, and disorganization of the lobular architecture [31] . The present work shows that superimposed binge alcohol exposures worsen the pathology by producing conspicuous foci of nonzonal necrosis, severe panlobular steatosis, hepatocellular ballooning degeneration, and increased inflammation. Although the inflammatory infiltrates were mainly lymphomononuclear, mixed populations, including occasional neutrophils, were observed, whereas with the short-term model, hepatic neutrophil infiltrates were more abundant, possibly due to differences in the route of administration (gavage vs. IP) and binge dose (5 g/kg vs. 2 g/kg) [5, 19] . On the other hand, the additional histopathological features observed in our chronic-binge versus chronic ethanol exposure model most likely correspond to direct hepatotoxic effects of acute high-level (i.e., binge) alcohol exposures. In contrast, the early fibrosis observed in the chronic-binge model (Sirius Red staining) was similar to the effects of chronic ethanol feeding [31] . Therefore, fibrosis is more likely the result of chronic liver injury rather than repeated binge alcohol exposures.
In humans with acute alcoholic hepatitis, hepatocellular steatosis, which reflects mainly increased storage of triglycerides, is typically severe and associated with tissue necrosis, apoptosis, and inflammation. In the chronic-binge exposed livers, steatosis was panlobular, and foci of lobular inflammation or necrosis were distributed throughout the liver without a zonal pattern, similar to human disease. Ballooning degeneration of hepatocytes, manifested by cytoplasmic enlargement and granular pallor with nuclear pyknosis or karyorrhexis, corresponds to degeneration or apoptosis occurring in the context of steatosis. Although not specific for ALD, ballooning degeneration is one of the signature features of ALD in humans. This chronic-binge model produces hepatocellular ballooning degeneration, distinguishing it from the effects of chronic ethanol feeding and likening it to human disease.
Although livers from rats subjected to chronic-binge ethanol exposures shared a number of histopathological features in common with human ALD, notable differences included the nature of the lobular inflammatory cell infiltrates and absence of Mallory-Denk bodies (Mallory's hyaline). In humans, a distinct feature of acute alcoholic hepatitis is the presence of polymorphonuclear neutrophils. In our model, only rare scattered inflammatory cells had trilobate nuclei corresponding to the morphology of neutrophils, whereas the vast majority of infiltrating inflammatory cells were lymphocytes and macrophages. It is not entirely clear why in humans, acute alcoholic hepatitis is associated with robust infiltrates of polymorphonuclear neutrophils [4] , but a major area of investigation pertains to the role of increased gut permeability with release of bacterial toxins and attendant activation host inflammatory responses [4] . Bertola et al. developed a different chronicbinge model in which mice were fed with ethanolcontaining liquid diets for 10 days and binged once by gavage [6] . That protocol results in steatohepatitis with infiltrating neutrophils [6] , although the severity of acute inflammation did not reach the levels seen in human biopsies of acute alcoholic hepatitis. Nonetheless, the robust liver injury marked by serum transaminase elevations, and proinflammatory cytokine responses suggest a role for systemic inflammation mediated by increased gut permeability. Our model was designed to examine direct effects of alcohol in relation to liver injury, and avoid contributions of enteric endotoxin release and sepsis. Future studies could be designed to address the specific mediators of neutrophil recruitment to the liver in the context of chronic-binge alcohol exposures.
Mallory-Denk bodies are intracytoplasmic hyaline deposits that correspond to aggregates of misfolded ubiquitinated proteins [15] . Protein misfolding and aggregation are common themes of cellular and tissue degeneration and chronic disease. In particular, Mallory-Denk bodies contain aggregates of ubiquitinated, cytokeratin intermediate filaments [38] , and are detectable in advancing stages of steatohepatitis caused by various factors, including ALD, nonalcoholic fatty liver disease, hepatocellular carcinoma, and primary biliary cirrhosis [3] . The absence of MalloryDenk bodies in our model could indicate that additional factors are needed to drive the unfolded protein response and ER stress in liver. Considerations include the need for higher levels and a more acute nature of inflammation, or extended chronicity of the alcohol exposures. Potential contributions of endotoxin and/or sepsis are also possible given the fact that Mallory-Denk bodies accumulate in concert with other cellular degenerative changes that result in keratin depletion, including apoptosis and hepatocellular ballooning degeneration [21] .
Examination of 1 micron thick sections by light microscopy and ultrathin sections by TEM demonstrated abundant mitochondrial pleomorphism with megamitochondria, abundant cytoplasmic lipid droplets, and pronounced disorganization and disruption of RER tubules in chronicbinge alcohol exposed livers. These findings are reminiscent of the abnormalities reported in human ALD [16, 17, 32, 33, 34, 40, 42] . The 1 micron thick sections demonstrated ethanol-induced variability in hepatocyte size, abundant lipid droplets, and chaotic hepatocellular arrangements with large gaps between cells. Ultrastructural studies revealed substantial alterations in mitochondria and ER caused by ethanol. These abnormalities probably contribute to cell injury and death mediated by mitochondrial dysfunction and ER stress, which are well-documented features of ALD [20] .
In summary, we describe histopathologic and ultrastructural features in livers from rats subjected to chronic-binge ethanol exposures, and demonstrate that this model has a number of similarities and overlapping features with human ALD. The model described herein should aid in the design of new treatments and approaches to prevent ALD progression.
